ABSTRACT Hemocoel infusion of an amino acid mixture at a concentration of 7. 5% and 10% (wt:vol) for 24 h rarely activated ovarian development in either mated or unmated females of Anopheles stephensi Liston. Infusion of either concentration mixture for 48 h into unmated females was also scarcely stimulatory, but the same 48 h infusion into mated females resulted in ovarian maturation in 25% (7.5% mixture) or in 78% (10% mixture) of the infused specimens. Similarly, feeding on an amino acid mixture (7.5%) containing sugar induced 44% ovarian maturation among mated females, while only 3% of unmated females showed matured oocytes. The increase of hemolymph amino acid concentration levels may be one of the essential factors for oogenesis of An. stephensi, and mating enhances ovarian development, especially in females ingesting poor meals. However, some additional factor(s) may be included for full development comparable to that induced by blood meals.
WE HAVE PREVIOUSLY REPORTED that the infusion of amino acids into the hemocoel of unfed female mosquitoes, a method aimed at simulating the natural increase of free amino acids in the hemolymph after a blood meal, quite often activated ovarian development, e.g., in Culex pipiens pallens Coquilett (Uchida et al. 1992) , Culex. p. quinquefasciatus Say, Cx. tritaeniorhynchus Giles, Cx. kyotoensis Yamaguti & LaCasse, Aedes albopictus (Skuse), Armigeres subalbatus (Coquillett), and Cx. p. molestus Forskal, which previously had laid the autogenously matured Þrst batch of eggs (Uchida et al. 2001) . However, some species responded only slightly to the infused amino acids, e.g., Cx. halifaxii Theobald and Ae. japonicus (Theobald) (Uchida et al. 2001) . For the low response of the two species, we speculated a lack of some factors these mosquitoes may require other than amino acids for initiating and completing oogenesis (e.g., a secretory substance(s) released from the midgut endocrine cells), though its exact nature remains unclear (Clements 1992) . Also postulated was a lack of mating, which has diverse effects on female reproduction in either autogenous (OÕMeara and Evans 1976) or anautogenous mosquitoes (Klowden and Chambers 1991) . Unfortunately, using the above less-responsive two species for further studies was difÞcult, because males and females in each species did not mate in a laboratory cage. Instead we used a laboratory colony of Anopheles stephensi Liston, which showed in preliminary experiments similar low responses to the hemocoel amino acid infusion. Here we examined the effect of mating on oogenesis of this mosquito induced by amino acid hemocoel infusion. For comparison, ovarian development was observed between unmated and mated females fed amino acids or fed blood meals. We show that mating cannot be an absolute factor for oogenesis, but is involved in enhancing the event in this mosquito, especially when females feed on incomplete diets, as was observed with Ae. aegypti (L.) (Klowden and Chambers 1991) .
Materials and Methods
Mosquitoes. Laboratory colonies of Ae. stephensi (BEECH strain), were reared in our insectary at 25Ð 27ЊC, 60 Ð70% RH, and a photoperiod of 14:10 (L:D) h. Four to Þve hundred larvae of each species were reared in enamel pans (25 ϫ 35 ϫ 5 cm) with 2 liters of water, and provided TetraMin Þsh food (TetraWirke, Germany). Mated females were obtained from a cage (10 ϫ 17 ϫ 16 cm) in which nearly identical numbers (Ϸ30 Ð50) of males and females were kept for 6 Ð 8 d after their emergence and fed a 5% sugar solution. Unmated females were also prepared by separating female from male pupae. Mating was conÞrmed by observing the spermatheca for sperm when dissected. In blood feeding experiments, another strain (SDA 500) was used for comparison. An. omorii and Cx. p. pallens also used for comparison were reared similarly except that the latter were maintained at 22Ð23ЊC.
Infusion Method. The infusion method was described in our previous paper (Uchida et al. 1992; 2001) . A Þne glass needle was made from a micropipette (Microcaps, Drummond ScientiÞc, Broomall, PA) by pulling on a glass microelectrode puller (Narishige ScientiÞc Instrument Lab., Japan). This glass needle then was mounted on the tip of the stainless needle of a 25-l microsyringe (MS-GFN25, Ito, Shizuoka, Japan). Ten microsyringes, Þlled with test solutions and equipped with the modiÞed needles, were set on an infusion pump (model 22MI/W, Harvard Apparatus, Holliston, MA). Females were immobilized between a sponge cube (1 ϫ 1 ϫ 1 cm) and a Þne mesh cover. The sponge cube holding the female was Þxed on a micromanipulator, which was then placed beside the infusion pump. Under a stereomicroscope, the tip of the Þne glass needle was inserted into the membranous area ventral to the paratergite of the mesothorax of the immobilized female, and was kept inserted during infusion. Ten females were infused at the same time. Test solutions were infused at the ßow rates used in the previous experiment for 24 h (0.083 l/h ϫ 24 h ϭ 2.0 l/24 h) or 48 h (4.0 l/48 h). The infused solution of amino acids was also the same as that used in our previous study and the composition of 17 amino acids was comparable to that of guinea pig blood (see Table 1 in Uchida et al. 2001) . The original 10% solution was diluted with Aedes saline (Hagedorn et al. 1977) to make the 7.5% (wt:vol) solution before the infusion. As a control infusion, mated females were infused with the saline solution. After infusions, females were fed on 5% glucose until dissection.
Feeding Amino Acid Mixture. The same amino acid mixture as used for the infusion (10%) was added to sucrose and water to make a Þnal concentration of 7.5% amino acids containing 0.5 M sucrose. A cotton pad (Ϸ0.3 g) saturated with 3 ml of the sugared amino acid mixture solution was suspended from the lid of a container (11 cm ϫ 8 cm) that contained 20 Ð30 adult females. The cotton pad and amino acid solution were replaced with new ones daily until the third day and changed to 5% glucose solution on the fourth day, and thereafter females were fed on the sugar until dissection.
Feeding Blood. Sugar solution in a adult cage was replaced with water 24 h before feeding. Through a sausage casing membrane made from hog intestine, the starved females were allowed to feed for 1 h on warmed heparinized sheep whole blood or the sheep blood diluted by half with 0.9% NaCl. Starved females were also allowed to feed directly on a human arm. Fully fed females were fed on 5% glucose until dissection.
Follicular Observation. The ovaries were dissected into a saline from the specimens 4 Ð 6 d after the start of infusion or meals, until which time the follicles had fully matured; maturation of ovaries of An. stephensi and An. omorii take 3Ð 4 d, and that of Cx. p. pallens takes 4 Ð5 d under each rearing conditions. The developmental stages of the primary follicles were classiÞed following Oda (1968) and Clements and Boocock (1984) . Ovaries beyond the IIIa stage were considered activated and those containing follicles at stages IVÐV were regarded as mature.
Operation. Spermathecae were removed from mated females as described with Ae. aegypti (Klowden 2001) . Mated females chilled on ice were immobilized within a slit sponge. First, a tiny opening was made at the ventral arthrodial membrane between the seventh and eighth segments by inserting a sharpened tungsten needle. From this opening the single spermatheca was taken out of the hemocoel by inserting another Þne tungsten needle with its tip curled so as to hook the spermathecal duct. Because the opening was so tiny and autonomically soon dried to close the cut after the surgery, parafÞn wax was not applied on the wound. Insemination was conÞrmed by observing the removed spermatheca microscopically.
Hemolymph Collection. Hemolymph was collected from females before and 12, 18, 24, and 40 h after feeding heparinized sheep whole blood. Females were immobilized by chilling, grasped between the tips of a forceps lined with sponge, and all the legs removed at the coax-femoro joint. By gently pressing the mosquito body between the forceps, extruded hemolymph was collected into a micropipette (Microcaps, 0.5 l, Drummond ScientiÞc Co., Broomall, PA). The total of 0.6 Ð1.2 l of hemolymph collected from 5 to 7 specimens was then transferred into 50 l of 0.9% NaCl, 150 l of 3% sulfosalicylic acid were added, and the mixture was centrifuged at 17,700 ϫ g for 10 min. Fifty microliters of the supernatant was subjected to amino acid analysis on an automatic amino acid analyzer (Hitachi 8500 Amino Acid Analyzer, Tokyo).
Results
Hemocoel Infusion of Amino Acids. Infusion of an amino acid mixture of either 7.5% or 10% for 24 h scarcely stimulated ovarian development in unmated adult An. stephensi females ( Table 1 ). The same infusion into mated females evoked ovarian development in a few females. Infusion for 48 h was still nonstimulatory to unmated females and only a few specimens infused with the 10% mixture developed ovaries. In contrast, the 48-h infusion of the 10% solution into mated females resulted in 94% development and 78% maturation. Although the 48-h infusion of the 7.5% mixture stimulated oogenesis in 70% and matured ovaries in 25% of the mated specimens, the latter percentage was not signiÞcantly different from the unmated group. Because only a few specimens matured eggs except for the 48 h-infusion of the 10% mixture, there appeared no signiÞcant difference with the number of eggs among all the infusions. Although An. omorii were similarly treated, the mortality was very high (Ͼ80%) and surviving specimens showed no sign of follicular development (data not shown).
Feeding Amino Acids. Next, the 7.5% amino acid mixture containing sugar was fed to mated and unmated adults (Table 2) . Here, mated females had a signiÞcantly higher ovary maturation (43%) than unmated individuals (3%). An. omorii fed the same diet for comparison yielded rather higher maturation rates in either unmated (73%) or mated groups (80%). The number of eggs formed was not different between unmated and mated individuals in either species. On the contrary, ovarian development in similarly treated Cx. p. pallens rarely occurred in either unmated (8%) or mated (12%) females, and the former produced more eggs than the latter.
Feeding Blood Meals. Because ovarian development in An. stephensi more or less depended on mating in the above two methods, the effect of mating on oogenesis was further examined in blood-fed females (Table 3 ). In the BEECH strain (used in the above experiments), the incidence of ovary maturation was always lower in unmated females than in mated females after feeding on human blood (73% versus 100%), or sheep whole blood (77% versus 93%), while the difference was not signiÞcant. When unmated females fed on half-diluted sheep blood, the proportion of egg maturation decreased to a signiÞcantly lower level (30%) than mated females (74%). Similarly, unmated females of the SDS 500 strain of An. stephensi fed on sheep whole blood matured eggs as often (93%) as mated individuals (97%), while the proportion of egg maturation in the former females (52%) was signiÞcantly lower than the latter (100%) after feeding the half-diluted blood. Although the number of eggs after the half-diluted blood meal was smaller than that of the nondiluted blood meals, there appeared to be no signiÞcant difference between unmated and mated individuals within each meal. In the BEECH strain, mated females with the spermatheca removed showed almost the same high frequency of ovary maturation as unoperated specimens in either nondiluted (100% versus 93%) or half-diluted blood (75% versus 74%), but operated females fed on the latter diluted blood produced fewer eggs than unoperated controls.
Changes in Free Amino Acid Concentration in the Hemolymph after a Blood Meal. Because of the verylowoccurrenceofovarydevelopmentandmaturation induced by amino acid infusion, hemolymph amino acid concentrations were Þnally measured after feeding sheep whole blood, to examine whether An. stephensi maintains rather higher amino acid levels in the hemolymph, compared with the previously examined Cx. p. pallens (Fig. 1) . The total amino acid concentration before feeding was Ϸ43 nm per microliter of hemolymph, did not show any remarkable rise until 12 h, rose to nearly maximal levels around 18 h (71 nm) and 24 h (77 nm), and then started to gradually decrease 40 h (66 nm) after feeding.
Discussion
Because some mosquito species (including the present An. stephensi) showed lower effects of amino acid hemocoel infusion on oogenesis, we postulated the lack of mating or some unknown substances essential for this event. As shown in Table 1 , 78% of the mated female An. stephensi which received the 10% amino acid mixture for 48 h matured eggs, while only 9% of the unmated females formed mature eggs after the same nutritional supply. Not signiÞcantly different, but egg maturation also occurred only within mated specimens in other infusions. Thus, the low ovarian development by amino acid infusion may be partly because of the lack of insemination. Mating has diverse effects on female reproduction, which, however, varies from species to species, or among strains within the same species, or also in nutritional states of adult females (Klowden 1999 (Klowden , 2001 ). In anopheline mosquitoes, An. subpictus s.l. Grassi and An. atroparvus van Thiel mature no eggs without insemination (Roy 1940 , Marchi et al. 1978 . Also several species belonging to the subgenous Nyssorhynchus show intermedate dependence of mating (Lounibos 1994) , in which oogenesis depends to some extent on the volume of the male accessory gland. It is suggested that male gland substances transferred from males stimulate vitellogenesis in females via a primer pheromone (Klowden and Chambers 1991) , or the large accessory glands could contain nutrients used by females for oogenesis (Lounibos 1994) . However, some mosquitoes in other genera, such as An. pharoensis Theobald, showed oogenesis dependent mainly on larval and adult diet but not mating (El-Akad and Humphrey 1990 ). An. stephensi is one of the anopheline species that develop eggs irrespective of mating (Roy 1940 ). In the current study, either unmated or mated females of the two strains quite often matured eggs after feeding on human blood or sheep blood, but the incidence of egg maturation decreased markedly only in unmated females when half-diluted sheep blood was fed (Table  3) . That mating cannot be an absolute requirement for oogenesis, but helps increase the incidence of ovarian development when females are fed on a diet inferior to fully-fed blood meals is well-documented in Ae. aegypti (Klowden and Chambers 1991) and Ae. albopictus (Klowden 1993) . Compared with blood meals, the infused amino acids are nutritionally inferior in terms of amino acid, lipid or carbohydrate contents, and therefore the effect of mating on oogenesis could appear more clearly in the infusion method. Because removal of inseminated spermathecae from mated females did not decrease the proportion of egg maturation after a blood meal, after mating did occur, its positive effects on oogenesis can be maintained thereafter.
Except for the 48 h infusion of the 10% amino acid mixture into the mated females, however, other infusions were scarcely stimulatory for oogenesis even in mated females, especially when compared with the previous results of the 24 h infusions of the 7.5% mixture into unmated females, e.g., Cx. p. pallens (70% egg maturation), Cx. quinquefasciatus (59% maturation), or Cx. tritaeniorhynchus (93% maturation). Briegel (1990) indicated that anophelines are physiologically different from culicines as follows. The caloric reserves carried over from the larval stage to the adult stage are considerably lower than the latter groups. To compensate for these low reserves, blood proteins may be diverted to the synthesis of maternal lipid and protein deposits, resulting in low efÞciency of blood meal utilization for oogenesis. In addition, the small midgut volume or its limited elasticity cannot allow anophelines to ingest a large volume of blood at once. For such deÞciencies, it is suggested that anophelines need multiple blood feeding (Briegel and Horler 1993) or may concentrate blood proteins by prediuretic excretion of blood serum or even blood cells (Briegel and Rezzonico 1985, Vaughan et al. 1991 ). Although we speculated that An. stephensi females maintain rather higher concentrations of hemolymph amino acids because of the digestion and absorption of the concentrated blood proteins, the maximum hemolymph free amino acid concentration (77 nm per microliter of hemolymph) was slightly lower than that of blood-fed Cx. p. pallens (88 nm, Uchida et al. 1990 ). Therefore, it seems unlikely that the 24 h infusion of the 7.5% mixture was insufÞcient for simulating normal hemolymph amino acid increase after a blood meal, and for another reason of low effects of infused amino acids on oogenesis, it seems more likely that the modest supply of amino acids only for 24 h cannot be enough to fuel both maternal reserves and vitellogenesis.
Another difference from Culex mosquitoes was found when amino acids were ingested into the crop by females. In Cx. p. pallens, either unmated or mated females were very responsive to the infused amino acids (Uchida et al. 1992 ), but scarcely responsive to the ingested same diet (Table 2) , possibly because of elimination of crop-introduced nitrogenous nutrients (proteins or amino acids) without digestion Suzuki 1981, 1982) . In contrast, the ovary matured frequently in mated An. stephensi (43%), or even unmated females of An. omorii (73%) as well as the mated individuals (80%); as described earlier the latter species scarcely responded to infused amino acids (data not shown). Apparently these Anopheles mosquitoes posses some digestive mechanism to absorb crop-introduced amino acids efÞciently. Because infused amino acids were scarcely effective, it may also be that sugar in the food compensated for the low nutritional reserves to increase the incidence of egg development, or that the abdominal distention caused the increase, because this helps to stimulate egg development when females are fed a small blood meal (ϭnutritionally poor meals) Chambers 1991, Klowden 1993 ). Or it is also possible that some substances in the midgut endocrine cells are involved in oogenesis of An. stephensi (Clements 1992) , and ingested amino acids trigger the release of these substances when they are absorbed through the midgut wall into the hemocoel. As is indicated by many authors, essential factors for mosquito oogenesis and also the degree of essentiality of each factor varies between different species (e.g., Lounibos 1994), strains (e.g., OÕMeara and Evans 1976, OÕMeara and Peterson 1985) , or even the different physiological status of individual females in the same strain (e.g., Chambers 1991, Klowden 1993) . In addition to the hemolymph amino acid increase and insemination, we feel that for the full development of An. stephensi ovaries, some other factors speculated as above may be involved. Further experiments are now under way in our laboratory to answer these questions.
